1. Introduction {#sec1}
===============

Infectious bronchitis (IB) continues to cause serious economic losses in chicken production globally. IB virus (IBV) replicates in upper respiratory tract tissues, with the resulting bronchi infection causing severe disease in young birds. Certain IBV strains cause greater systemic infections by replicating in different tissues, including the kidney (causing nephritis), the oviduct (causing decreased egg production), and the intestinal tract ([@bib16]). Vaccination has been considered the most reliable approach for controlling IBV infection ([@bib31]). However, continuous emergence of new variant viruses may lead to inadequate protection and control of IBV ([@bib12]; [@bib13]). Concurrent circulation of both classic and variant IBVs have been identified in most parts of the world, raising major challenges to global prevention and control efforts. During the past few decades, there have been reports of new virulent field isolates that represent variant strains, which can cause wide tissue tropism and high pathogenicity ([@bib17]; [@bib21]; [@bib38]; [@bib42]). Though the mechanisms behind chickens' varying susceptibility to different IBV infections have been studied, little to no data is available on comparative immunopathogenesis on recently emerged IBVs.

Our previous *in vitro* work concluded that greater levels of apoptosis, and elevated expression of TLR3, MDA5 and IFN-β, correlated to increased pathogenicity of three distinct IBV genotypes in CEK cells and TOCs ([@bib9]). Based on these findings, we hypothesized that characteristic host innate immune responses could aid the production of a predictive prognosis for the tissue tropism of novel IBV strains in chickens.

There are few studies regarding the local immunological mechanisms involved during IBV pathogenesis. In one study, different immune responses of chickens were reported from two different IBV genotypes, KIIa and ChVI ([@bib22]; [@bib32]). In chickens infected with the KIIa genotype, simultaneous peaks in the viral copy number, and upregulation of mRNA levels of pro-inflammatory cytokines (IL-6 and IL-1β) and lipopolysaccharide-induced tumor necrosis factor (TNF)-α factor (LITAF), were observed at 7 dpi in the trachea and 9 dpi in the kidney. This appeared to contribute to the intensity of pathophysiological effects in the chickens. In contrast, chickens infected with the ChVI genotype showed comparatively mild upregulation in pro-inflammatory cytokines mRNA expression.

[@bib32] described that infection with IBV-M41 caused an early (3 dpi) upregulation of IL 6 and IL-1β, followed by a later induction (7 dpi) of CD8αα and Granzyme homolog A mRNA. Both instances were witnessed at the same time point as microscopic lesions and a high viral load were noted in the trachea, suggesting the contributory role of both these cytotoxic enzymes and virus load in the development of tracheal lesions ([@bib32]).

Recently, [@bib33] reported that challenge with two Brazilian IBV field isolates (A and B) of the same genotype, resulted in only the IBV B isolate causing a down-regulation of TLR7, leading to insufficient pro-inflammatory responses and lower cell mediated immune response that had an association with severe renal lesions and increased capacity of IBV replication ([@bib33]). The work concluded that the differences in the immune responses, triggered by IBV strains with distinct genotypes and with differing pathogenicity for respiratory, urinary and other tissues, require further investigation.

Pattern recognition receptors (PRRs) are present on mucosal surfaces of immune cells. These cells rapidly recognize infectious agents through PRRs, such as Toll-like receptors (TLR), RIG-I like receptors (RLRs), Melanoma differentiation-associated protein 5 (MDA5) and NOD-like receptors (NLRs). Prominent among these are TLRs. An upregulation of TLR2, TLR3, TLR6 and TLR7 mRNA expression has been reported in tracheal epithelial cells after attenuated IBV-M41 intranasal inoculation ([@bib19]; [@bib40]). Its function in viral immunology is well established ([@bib28]; [@bib30]). MDA5 expression levels were reported to be significantly increased in chicken kidney tissue after nephropathogenic IBV infection, suggesting a role for chicken MDA5 limiting IBV infection ([@bib11]). In a more recent study, it has been shown that *in vitro* virulent IBV infection leads to a significant induction of INFβ transcription through an MDA5-dependent activation of the IFN response ([@bib25]).

The limited published information on the differential immunopathogenesis of IBV stimulated this investigation into innate immune responses in chickens and their association with viral load and pathogenesis of classical and variant IBVs.

2. Material and methods {#sec2}
=======================

2.1. Virus {#sec2.1}
----------

In the present study, we used a classical IBV strain (M41), and two variant strains, IS/885/00-like isolate (885) ([@bib4]; [@bib9]) and a UK IBV QX isolate (KG3P) ([@bib16]). IBV 885 causes high mortality, poor weight gain and severe renal damage, while IBV QX causes renal and reproductive problems. Viruses were propagated in specific-pathogen-free (SPF) eggs via the allantoic cavity. To calculate the dose of infection (10^5.0^CD~50~/bird), viruses were titrated in tracheal organ cultures prepared from 19 to 20-days-old SPF chicken embryos. Confirmation of each genotype was done by RT-PCR ([@bib7]; [@bib41]), followed by commercial Sanger sequencing. Results showed that each virus had 99% similarity across the part-S1 region, with the published sequences. RT-PCR showed that allantoic fluid was free of Newcastle Disease virus (NDV), avian influenza virus (AIV), avian metapneumovirus (aMPV) and infectious laryngotracheitis virus (ILTV), and culture showed the fluid to be free of mycoplasma, bacterial or fungal contaminations by culture.

2.2. Specific pathogen free (SPF) chicks {#sec2.2}
----------------------------------------

The SPF eggs were procured from a commercial source (Lohman, Cuxhaven, Germany). The parental flock was free from all major infectious disease agents, including IBV. Fertile SPF eggs were incubated at 37 °C until hatch. Chicks were kept in an isolation unit (University of Liverpool) throughout the experiment and reared on deep litter, with water and feed provided *ad libitum*. All procedures were undertaken according to the UK legislation on the use of animals for experiments, as permitted under the project license, which was also approved by the University of Liverpool ethical review committee.

2.3. Experimental design {#sec2.3}
------------------------

One hundred SPF chicks were allocated to 4 groups (one control, three IBV infected; n = 25 per group). The chicks in the infected groups were inoculated oculonasally with 10^5.0^ CD~50~/bird of each virus, and those in the control group were inoculated with TOC medium. Clinical signs were observed daily throughout the experimental period ([@bib18]). At 1, 3, 7, 9 and 14 days post infection (dpi), five chicks from each group were humanely killed using pentobarbitone injection, and trachea and kidney samples were collected. One portion of each tissue was stored in RNA*Later* (Qiagen, Crawley, UK) and kept at −20 °C until processing for viral load and the expression of virus induced pro-inflammatory cytokines, TLRs and their adaptor molecules via quantitative real time RT-PCR (qRT-PCR). Trachea and kidney portions were also collected in 10% buffered formalin and examined by histopathology.

2.4. Histopathological lesions {#sec2.4}
------------------------------

For histopathological examination, the upper part of the trachea and anterior kidney tissues were fixed in 10% buffered formalin and embedded in paraffin. Five μm sections were cut for hematoxylin and eosin (H&E) staining. After staining, the sections were scored individually according to the criteria described previously; 0 = no change, 1 = mild, 2 = moderate, 3 = severe ([@bib7]).

2.5. Quantification of viral RNA {#sec2.5}
--------------------------------

All tracheal and renal samples were tested for IBV viral load using qRT-PCR as described previously ([@bib8]).

2.6. Host gene expression analysis {#sec2.6}
----------------------------------

At each time point, total RNA was extracted from trachea and kidney samples using the RNeasy Plus Mini Kit (Qiagen) as per manufacturer\'s instructions. Concentration of extracted RNA was quantified using a NanoDrop^®^ ND-1000. Generation of cDNA was carried out from 1 μg of RNA using the Superscript III First-strand cDNA synthesis system with random primers as recommended by the manufacturer (Invitrogen, UK). Quantification of cDNA was carried out in triplicate using LightCycler 480 SYBR Green I Master mix (Roche, UK) and previously reported primer sequences ([Table 1](#tbl1){ref-type="table"} ) ([@bib9]), with data presented as fold difference in viral gene expression versus control samples.Table 1Primer sequences used for host gene expression quantification.Table 1Gene namePrimer sequencesSense (S) and Anti-sense (AS)18S rRNA (18S ribosomal RNA) ([@bib43])(S) TGTGCCGCTAGAGGTGAAATT(AS) TGGCAAATGCTTTCGCTTTMDA5 (Melanoma differentiation-associated protein 5)(S) AGGAGGACGACCACGATCTCT(AS) CCACCTGTCTGGTCTGCATGTTLR3 (Toll like receptor 3)(S) GCAATTTCTCCTTCACCTTTTCA(AS) CCTTTATGTTTGCTATGTTGTTATTGCTIFNα (Interferon alpha) ([@bib44])(S) CTTCCTCCAAGACAACGATTACAG(AS) AGGAACCAGGCACGAGCTTIFNβ (Interferon beta)(S) TCCAACACCTCTTCAACATGCT(AS) TGGCGTGTGCGGTCAATIL-1β (Interleukin 1 beta)(S) TGCTGGTTTCCATCTCGTATGT(AS) CCCAGAGCGGCTATTCCAIL-6 (Interleukin 6) ([@bib44])(S) CACGATCCGGCAGATGGT(AS) TGGGCGGCCGAGTCTLITAF(S) CCCTTCTGAGGCATTTGGAA(AS) CAGCCTGCAAATTTTGTCTTCTT

2.7. Statistical analysis {#sec2.7}
-------------------------

The data from host gene expression was analysed using one-way analysis of variance (ANOVA), followed by the post-hoc LSD multiple comparison test using GraphPad™ Prism version 6.00. Kruskal-Wallis test, followed by Dunn\'s test, was used for statistical analysis of the viral load by RT-qPCR and histopathological evaluation data. Differences were considered significant at *P* \< 0.05.

3. Results {#sec3}
==========

3.1. Clinical signs and histopathology {#sec3.1}
--------------------------------------

No clinical signs or mortalities were observed in the uninfected control chicks during the experiment. The chicks inoculated with IBV 885 virus showed clinical signs from 2 to 11 dpi. These signs included mild tracheal rales, sneezing, coughing, head shaking and eye scratching, and gradually disappeared by 11 dpi. The group inoculated with IBV QX showed similar clinical signs from 3 to 9 dpi. Clinical signs were also observed in the chicks inoculated with IBV M41 from 2 to 10 dpi.

Normal tracheal epithelia, with healthy cilia and goblet cells, were observed in the uninfected control birds ([Fig. 1](#fig1){ref-type="fig"} A). In all tracheas, until 3 dpi, no statistically significant (*P* \< 0.05) differences were found in histopathological lesion score between the groups ([Fig. 2](#fig2){ref-type="fig"} A). Pathological changes were significantly higher in the IBV M41 inoculated group compared to IBVs 885 and QX, which developed and peaked by 7 dpi ([Fig. 2](#fig2){ref-type="fig"} A). The most consistent lesions occurred as loss of cilia, decreased goblet cells, infiltration of plasma cells, heterophils, and lymphocytes ([Fig. 1](#fig1){ref-type="fig"} B--D).Fig. 1Histopathological findings in trachea (A--D) and kidney (E--H) samples, using H&E stains, at 7 dpi from (A, E) Uninfected control (B) 885 infected group showing diffusely hyperplastic epithelium with infiltrate of heterophils, lymphocytes and plasma cells (C) QX infected group showing mild epithelial deciliation, with a moderate infiltrate of lymphocytes and heterophils and (D) M41 infected group showing complete epithelial deciliation and hyperplasia with a severe lymphocyte, plasma cells & heterophil infiltration. (F) 885 infected group showing severe lymphoid infiltration with mild lymphoid nodules and mild heterophil interstitial infiltration (G) QX infected group showing mild to moderate lymphocyte and heterophil interstitial infiltration (H) M41 infected group showing mild lymphocyte and heterophil interstitial infiltration Magnification x 200.Fig. 1Fig. 2Histopathological score of lesions in **(A)** Trachea and **(B)** Kidney samples of chicks. Data represents the median with error bars as standard error. Significantly different (*P* \< 0.05) values are shown with different letters.Fig. 2

The kidneys of the control group showed no obvious lesions ([Fig. 1](#fig1){ref-type="fig"} E). In the infected groups, the main renal histopathological lesions consisted of interstitial lymphoid infiltration with mild lymphoid nodules ([Fig. 1](#fig1){ref-type="fig"} F--H), which were observed throughout the study. No significant (*P* \< 0.05) histological differences were found between the infected groups until 7 dpi ([Fig. 2](#fig2){ref-type="fig"} B). However, on 9 dpi, the IBV 885 infected group showed significantly (*P* \< 0.05) higher histopathological changes than those infected with IBVs QX or M41. These changes became more severe and peaked by 14 dpi where lesions in the IBV 885 infected group were also significantly (*P* \< 0.05) greater when compared to IBVs QX or M41 infected chicks ([Fig. 2](#fig2){ref-type="fig"} B).

3.2. Viral load in trachea and kidney of IBV-infected chickens {#sec3.2}
--------------------------------------------------------------

Viral RNA loads of birds' tracheas in the uninfected control group were below the detection limit on all days post mock infection ([Fig. 3](#fig3){ref-type="fig"} A). At 1 dpi, all tracheal samples collected from infected groups were positive. Viral load increased and peaked by 7 dpi, returning to basal level by 14 dpi. No significant difference was determined between the groups at any time point ([Fig. 3](#fig3){ref-type="fig"} A).Fig. 3Quantification of viral RNA, expressed as log relative equivalent units (REU) of RNA in (A) Trachea and (B) Kidney samples of chicken. Data represents the median with error bars as standard error. Significantly different (*P* \< 0.05) values are shown with different letters.Fig. 3

Viral RNA load in kidneys was below the detection limit for all sampling points for the control group ([Fig. 3](#fig3){ref-type="fig"} B). Samples from the infected groups were positive from 7 dpi, with no significant difference between the groups. However, at 9 dpi, viral RNA load was significantly higher (*P* \< 0.05) in the IBV 885 infected group compared to those infected with IBV QX or M41. Viral RNA load peaked at 14 dpi, with a significantly higher (*P* \< 0.05) result in the IBV 885 group compared to those infected with IBV QX or M41 ([Fig. 3](#fig3){ref-type="fig"} B).

3.3. Regulation of type I IFN, TLR3 and MDA5 genes in trachea and kidney of IBV-infected chickens {#sec3.3}
-------------------------------------------------------------------------------------------------

The tracheal mRNA expression data for IFN-α and IFN-β are illustrated in [Fig. 4](#fig4){ref-type="fig"} A and B, respectively. No significant change in the IFN-α mRNA expression levels at any dpi was noticed in the infected groups compared with uninfected control group ([Fig. 4](#fig4){ref-type="fig"} A). Notably, at 1 dpi, tracheal samples of chicks infected with IBV M41 resulted in significantly (*P* \< 0.05) greater IFN-β mRNA expression than those infected with IBV 885 or QX ([Fig. 4](#fig4){ref-type="fig"} B). No significant changes were noted beyond 1 dpi.Fig. 4Relative IFN-α and IFN-β mRNA expression in IBV infected trachea (A, B) and kidney (C, D) of chicks. Data represents the mean with error bars as standard error and are expressed as fold change relative to the uninfected controls group. Significant differences between the groups indicated with different letters (*P* \< 0.05).Fig. 4

The mRNA expression data for IFN-α and IFN-β in the kidney are illustrated in [Fig. 4](#fig4){ref-type="fig"}C and D, respectively. No significant (*P* \< 0.05) differences in IFN-α expression levels at any dpi were noticed in any infected group compared with the uninfected control group. At 1 dpi, IFN-β mRNA expression in kidney samples of chicks infected with IBV 885 was up-regulated (*P* \< 0.05), whereas in IBV M41 infected group, it was down-regulated (*P* \< 0.05) compared to the control group. At 3 dpi, expression was significantly (*P* \< 0.05) higher in the IBV 885 infected group compared to the IBV QX infected group. At this time point, no significant change was noticed in IBV M41 infected group compared with uninfected control ([Fig. 4](#fig4){ref-type="fig"} D). No significant changes in IFN-β expression was observed beyond 7 dpi.

The mRNA expression of TLR3 and MDA5 in tracheal samples are illustrated in [Fig. 5](#fig5){ref-type="fig"} A and B. It was observed that expression of TLR3 ([Fig. 5](#fig5){ref-type="fig"} A) in all infected groups was significantly (*P* \< 0.05) upregulated at 1 dpi compared to the uninfected control group. At this time point, the IBV M41 infected group showed significantly (*P* \< 0.05) higher levels of expression compared to IBV 885 or QX infected groups. At 3 dpi, infection of IBV strains M41 and QX resulted in significantly greater TLR3 mRNA expression in the trachea compared to IBV 885 infection ([Fig. 5](#fig5){ref-type="fig"} A). On subsequent dpi, no significant (*P* \< 0.05) changes in TLR3 mRNA expression levels were detected. Similarly, infection with IBV strains M41 and QX resulted in significantly (*P* \< 0.05) greater MDA5 expression in the trachea at 1 dpi compared to IBV 885 infection ([Fig. 5](#fig5){ref-type="fig"} B). No significant (*P* \< 0.05) changes in the level of MDA5 expression were observed at the other time points (3, 7, 9 or 14 dpi).Fig. 5Transcriptional regulation of innate viral sensing molecules TLR3 and MDA5 in IBV infected trachea (A, B) and kidney (C, D) of chicks. Data represents the mean with error bars as standard error and are expressed as fold change relative to the uninfected controls group. Significant differences between the groups indicated with different letters (*P* \< 0.05).Fig. 5

The mRNA expression data for TLR3 and MDA5 in the kidney are illustrated in [Fig. 5 A and 5](#fig5){ref-type="fig"} D, respectively. At 3 dpi, IBV 885 infection resulted in significantly (*P* \< 0.05) higher mRNA expression in the kidneys for TLR3 ([Fig. 5](#fig5){ref-type="fig"} C), followed by IBVs QX and M41 infection. No significant (*P* \< 0.05) changes in levels of TLR3 mRNA expression were observed at other time points (1, 7, 9 or 14 dpi). At 3 dpi, MDA5 mRNA expression ([Fig. 5](#fig5){ref-type="fig"} D) in kidney samples of chicks infected with IBV 885 was significantly (*P* \< 0.05) up-regulated compared to those infected with IBV QX. No significant (*P* \< 0.05) change was observed in the group infected with IBV M41 compared to the uninfected control group. At 7 dpi, MDA5 mRNA expression level in all infected groups was significantly (*P* \< 0.05) up-regulated compared to the uninfected control group but without any significant difference between the infected groups.

3.4. Differential transcription profile of pro-inflammatory cytokines genes in trachea and kidney {#sec3.4}
-------------------------------------------------------------------------------------------------

Changes in the levels of three (IL-1β, IL-6, LITAF) pro-inflammatory cytokines in the trachea are illustrated in [Fig. 6](#fig6){ref-type="fig"} . Results indicate that the level of IL-1β mRNA expression peaked at 7 dpi in all infected groups compared with uninfected control. Expression was significantly (*P* \< 0.05) higher at 3 and 7 dpi in chicks infected with IBV M41 compared with IBV 885 or QX. [Fig. 6](#fig6){ref-type="fig"} B shows that at 7 dpi, a significant (*P* \< 0.05) increase in the expression of IL-6 was noticed in chicks infected with IBV M41 compared to IBV 885 or QX. No significant (*P* \< 0.05) changes in the level of IL-6 expression was seen in any infected group at any other time points. At 1 dpi, LITAF transcription levels in all infected groups were significantly (*P* \< 0.05) down-regulated compared with the uninfected control group. At 3 dpi, LITAF mRNA expression levels in all infected groups were significantly (*P* \< 0.05) up-regulated compared with the control group, but without any significant (*P* \< 0.05) difference between infected groups. LITAF mRNA expression was seen to have the same pattern as IL-6 in the trachea. At 7 dpi, the IBV M41 infected group showed significantly (*P* \< 0.05) higher expression levels when compared to IBV 885 or QX ([Fig. 6](#fig6){ref-type="fig"} C).Fig. 6Transcription profile of proinflammatory cytokines IL-1β, IL- 6 and LITAF in IBV infected trachea (A--C) and kidney (D--F) of chicks. Data represents the mean with error bars as standard error and are expressed as fold change relative to the uninfected controls group. Significant differences between the groups indicated with different letters (P \< 0.05).Fig. 6

Conversely, in the kidney samples, IL-1β mRNA expression level peaked at 9 dpi in all infected groups and was significantly (*P* \< 0.05) up-regulated in IBV 885 infected group, followed by IBVs QX and M41, when compared to the uninfected control group ([Fig. 6](#fig6){ref-type="fig"} D). At 7 and 14 dpi, IL-1β mRNA expression in all infected groups was significantly (*P* \< 0.05) up-regulated compared to the uninfected control group but without any significant difference between them. The mRNA expression of IL-6 in kidneys from all infected groups peaked at 9 dpi ([Fig. 6](#fig6){ref-type="fig"} E), and was significantly (*P* \< 0.05) up-regulated compared to the uninfected control group but without any significant difference between them. The expression of IL-6 was significantly (*P* \< 0.05) up-regulated at 14 dpi in IBV 885 infected group, followed by IBVs QX and M41, compared to the uninfected control group ([Fig. 6](#fig6){ref-type="fig"} E). The LITAF mRNA expression level was significantly (*P* \< 0.05) up-regulated in all infected groups at 7 dpi and was significantly (*P* \< 0.05) higher in groups infected with IBV 885 and QX compared to M41 ([Fig. 6](#fig6){ref-type="fig"} F). At 9 dpi, a significant (*P* \< 0.05) increase in the LITAF mRNA expression was noticed in chicks infected with IBV 885 rather than IBV QX or M41. Notably, we found that IBV 885 infection resulted in significantly (*P* \< 0.05) higher mRNA expression of LITAF ([Fig. 6](#fig6){ref-type="fig"} F), followed by IBV QX and M41 infection in the kidneys at 14 dpi.

4. Discussion {#sec4}
=============

IBV causes an acute and highly contagious disease in chicks, primarily targeting the trachea and kidney. The investigation of local immunological and cytokine induced mechanisms involved in IBV pathogenesis will help to elucidate the IBV-host interaction. Pathogenic mechanisms of IBV may differ between IBV strains, particularly regarding the kinetics, magnitude, and duration of local inflammatory responses and the immune mechanisms in the target organs. In this study, we investigated the differential immunopathogenesis in chickens infected with three IBV strains used previously for an *in vitro* study ([@bib9]). Infected chicks displayed mild clinical signs like tracheal rales, sneezing, coughing, head shaking and eye scratching, similar to signs which have been observed following infection with other virulent IBVs ([@bib2]; [@bib5]; [@bib14]). The onset and duration of these clinical signs differed between IBV infected groups, indicating differences in the susceptibility of chicks to infection by these three IBV strains. The differential modulation of PRRs (TLR and MDA5), type I IFNs, and pro-inflammatory cytokine mRNA expression in chicks, and their association with both the viral load profile and histopathological changes induced by different IBVs were examined.

In the present study, each IBV strain showed clear histopathological changes in the trachea and kidney, similar to those reported previously ([@bib10]; [@bib26]). Pathological changes in the trachea peaked by 7 dpi in all groups, but were significantly higher in the group infected with IBV M41 compared to IBV 885 or QX. A similar trend was found for viral loads in the trachea, though no significant differences were observed between the groups. At 7 dpi, peak values for histopathological lesions and viral RNA load were found to be associated with peaks expression of inflammatory cytokines, such as IL-6 and IL-1β, and higher LITAF mRNA expression values. Despite the lack of difference in viral load, mRNA expression values for these inflammatory cytokines were significantly higher in IBV M41 compared to IBV 885 or QX. In the kidneys, temporal associations between peak histopathological lesion scores and peak viral load were observed. However, peak values of histopathological changes and viral load were not in accordance with those of the inflammatory cytokines.

The role of the proinflammatory cytokine IL-6 has been investigated for its contribution to nephritis in two genetic lines of chickens ([@bib3]). In this study, IL-6 transcripts were found to be directly related to renal lesions in chicks challenged with a nephropathogenic strain of IBV. In the more susceptible S-line chicks, these IL-6 levels were 20 times higher than those in the more resistant HWL chicks. Concurrent with our findings, it has been reported that chicks expressed differential immune responses to two IBV strains with different genotypes, KIIa and ChVI ([@bib22]). In chicks infected with the KIIa genotype, simultaneous peaks in the histopathological severity, viral copy number and upregulation of mRNA levels of pro-inflammatory cytokines (IL-6 and IL-1β) and LITAF were observed in the trachea at 7 dpi and the kidney at 9 dpi. This has also been supported by previous studies in which upregulation of proinflammatory cytokines such as IL-6 and IL-1β, induced by the M41 strain of IBV, was found to be partially associated with the pathological alterations and/or viral load in trachea of non-immune challenged chicks ([@bib32], [@bib33]). Interestingly, in our study of tracheal mRNA expression values for these inflammatory cytokines, levels were significantly higher in IBV M41 infected chicks compared to IBVs 885 and QX. In contrast, levels were higher for IBV 885 and QX infected groups in the kidney, compared to IBV M41, suggesting a role for these cytokines in the development of different histopathological lesions caused by different IBVs in these organs.

TLR3 is known for its recognition of RNA virus encoded pathogen associated molecular patterns (PAMPs) and the function of TLR3 in viral immunology is well established ([@bib1]; [@bib27]). It was observed that IBV strains M41 and QX resulted in significantly higher up-regulation of innate immune sensing gene TLR3 in tracheal samples at 3 dpi when compared to IBV 885 infections. In contrast, upregulation was significantly greater in the IBV 885 infected kidneys than those infected with IBV QX or M41 at 1 dpi. Parallel with our findings, previous studies have also reported a significant increase of TLR3 mRNA expression in the trachea of IBV infected chicks when compared to the uninfected controls ([@bib23]; [@bib40]). TLR3 also mediates West Nile virus entry into the brain, causing lethal encephalitis ([@bib39]) and contributing to a harmful inflammatory response to influenza virus infection in mice that results in acute pneumonia ([@bib28]).

In this study, MDA5 mRNA expression values at 1 dpi were significantly higher in IBV M41 or QX infected tracheas compared to those infected with IBV 885. In contrast, expression levels were significantly up-regulated in IBV 885 infected kidneys compared to those infected with IBV QX or M41 at 3 dpi. MDA5 mRNA expression levels were reported to be significantly increased in chicken kidney tissue after nephropathogenic IBV infection, suggesting a role of chicken MDA5 against IBV infection ([@bib11]). This has further been supported by more recent work, which showed that *in vitro* virulent IBV infection leads to a significant induction of INFβ transcription, through an MDA5-dependent activation of the IFN response ([@bib25]). Altogether, we observed that mRNA levels of TLR3 and MDA5 correlated with the pattern of histopathological lesion scores in tracheas and kidneys produced by IBV strains used in this study.

Innate immune responses contribute towards a network of varied antiviral mechanisms, amongst which the type I IFN response is an essential defence. Concurrent with TLR3 and MDA5 activation, we found a significant up-regulation of IFNβ, but not IFNα, mRNA expression after IBV infection at 1 dpi in the trachea and 3 dpi in the kidney. Many previous studies claim that activation of the TLR3 pathway contributes to an up-regulation of IFN-β production in chickens ([@bib23]; [@bib24]; [@bib36]). The kinetics of IFN response observed in our study is in line with the previous studies. However, a more recent study alternatively showed that MDA5, not TLR3, is involved in the detection of IBV ([@bib25]). This is despite higher mRNA levels of MDA5 and TLR3 correlating with the most pathogenic strains of IBV in trachea and kidney. We also noted that tracheal samples from chicks infected with IBV M41 resulted in significantly greater IFN-β expression when compared to those infected with IBV 885 or QX. In contrast, IBV 885 and QX infection caused higher induction of this gene than IBV M41 in the kidney. Early studies on gamma coronaviruses in chickens also suggested that IBV-induced IFN production is variable and dependent on both the virus strain and cell type ([@bib20]; [@bib35], [@bib34]).

5. Conclusions {#sec5}
==============

In summary, this study reports that the histopathological changes, pro-inflammatory and innate immune gene responses could be induced to a diverse degree, depending on the strain of IBV. Our results indicate that higher upregulation of proinflammatory cytokine expression (such as IL-6 and IL-1β) and LITAF are induced by the IBV M41 strain in the trachea and IBV 885 and QX in the kidney. This result is in conjunction with the severity of respiratory and renal histopathological lesions caused by these viruses. Further studies may employ these findings to understand the underlying mechanisms of host responses to emerging global IBVs or vaccination-challenge studies.
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